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Abstract 
 

The magnetoelectric response of magnetostrictive/piezoelectric laminate composites has been investigated.  Based on the 
piezoelectric and piezomagnetic constitutive equations, and motion equation for the composite plate, the magnetoelectric 
equivalent circuit has been derived, and the magnetoelectric coefficients predicted.  Prototype devices of, as an application 
example, Terfenol-D/PZT composite plates were fabricated, and experimental values for the magnetoelectric voltage 
coefficient coincided with the predicted ones.   
 

I. Introduction 
 

The magneto-electric (ME) effect is a polarization response to an applied magnetic field H, or conversely a magnetization 
response to an applied electric field E.[1] Magneto-electric materials have been studied [2-7] such as BiFeO3, 
Pb(Fe1/2Nb1/2)O3, and Cr2O3;  however to date, a single phase material with a high inherent coupling between magnetization 
M and polarization P has yet to be found.  

 
Magneto-electric behavior has also been studied as a composite effect in multi-phase systems consisting of both 

piezoelectric and magnetostrictive materials [8-21]. Piezoelectric/ magnetostrictive composites have been the topic of 
numerous investigations, both experimentally and analytically. Various composite connectivities of two phases have been 
studied, including 3-3 (i.e., ceramic-ceramic particle) and 2-2 (laminate). These studies have confirmed the existence of ME 
effects in composites; however, the magnitude of the coupling is low.  

 
Investigations of piezoelectric-magnetostrictive laminate composites have previously been reported using constitutive 

equations [10, 20,21,22]. The ME coefficient of 2-2 type laminates has been approximated for the transverse magnetized/ 
transverse polarized (T-T) mode of operation [10,20]. Unfortunately, the approach is suitable only for dc magnetic biases; 
furthermore, the approach does not lend itself to the design of laminates operating in other modes. This constitutive approach 
combined both piezoelectric and piezomagnetic constitutive equations. But, it did not consider the coupled equation of 
motion for the laminate, and consequently ignored the magnetic energy transduced into electrical energy by this coupled 
motion.  Any quantitative prediction of ME coefficients and the design of other ME laminate configurations must be based on 
these considerations.  

 
An equivalent circuit approach could be used to model the ME effect. Even though such methods are well known for 

both electromechanical and magnetomechanical couplings [23,24], they have yet to be applied to ME coupling. In this paper, 
an equivalent circuit method is used to analyze the ME behavior of laminates of magnetostrictive terfenol-D (TbxDy1-xFe2) 
and piezoelectric Pb(Zr1-xTix)O3 (PZT). The approach is based on piezoelectric and magnetostrictive constitutive equations, 
where the layers are strain-stress coupled. An equation of motion due to a magnetic excitation is developed, from which the 
transduced electrical energy is obtained. 

 

II. Working Modes of Magneto-Electric Laminate Composites 

Terfenol-D has a large magnetostrictive strain, which is anisotropic and a function of H
v

. Thus, it has large 
magnetostrictive effects only for specific modes. Previous investigations of magnetostrictive/piezoelectric laminates have 
used terfenol-D in the transverse mode (T-mode), where H

v
 is applied perpendicular to the magnetization M

v
direction. One 

problem associated with the T-mode is that the magnetostrictive constant d31,m is small. We find that terfenol-D layers (grain-
oriented in the thickness direction) operated in the L-mode ( H

v
 is parallel to M

v
) have 8x the strain of that in the T-mode. 

Consequently, ME effects in laminates which use the L-mode will be significantly larger than those that use the T-mode. 
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Figure 1(a) shows our new laminate design. It consists of a PZT layer poled in the thickness direction, which is 
sandwiched between two terfenol-D layers magnetized in the length direction. This ME laminate is operated in the L-T mode. 
The design is different than conventional T-T ones [8-20], which is illustrated in Figure 2(b).  
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III. Analysis of 
 

The ME behavior of laminate composites is a
materials, but rather are due to the integration of
equations (for small signal excitation) are require
mutually coupled by strain S(z) and stress T(z).  

 
A. Constitutive Equations 
 

We suppose that the piezoelectric layer is po
by the magnetostrictive (terfenol-D) layers alon
perpendicular to the length of the plate. According

 3,311111 EdTsS pp
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 are mutually coupled through strain S(z) and stress T(z).  Thus, application 
rictive layer (see Figure 1a) puts the piezoelectric one into forced oscillation, 
oth longitudinal d33,m and transverse d31,m magnetostrictive vibration modes 
long and thin, the transverse (31) vibration mode can be neglected.] This is 
cation of H

v
 along the thickness direction of the magnetostrictive layers 

of the piezoelectric layer. [Note, when H
v

 is applied along this direction in 
 can be neglected.] This is the T-T magneto-electric effect, which has 

Magneto-(Elasto)-Electric Coupling 

 product property. Product properties do not naturally occur in single phase 
 multiple functionalities within a composite. Two sets of linear constitutive 
d to describe the ME product property in laminate composites, which are 

larized along its thickness direction, and that stress is imposed on this layer 
g the length direction, regardless of whether H

v
 is applied parallel or 

ly, the piezoelectric constitutive equations are 
           )1(;3331,313 ETdD T

pp ε+=

e permittivity under constant stress,  is the elastic compliance of the 

the transverse piezoelectric constant, and and  are the stress and 
ic layer imposed by the magnetostrictive layers. [Note, using the local 
1, the local coordinate axis “3” is assumed to be defined by the polarization 
ly, the local coordinate axis “1” is the length direction of the laminate.]  

Es11

pT1 pS1
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When H
v

 is applied parallel to the longitudinal axis of the laminate, a longitudinal (33) strain is excited. [Note, using the 
local coordinate system in piezomagnetism in Figure 1, the local coordinate axis “3” is assumed to be defined by the 
magnetization direction, which is along the longitudinal axis of the laminate. Accordingly, the local coordinate axis “1” is the 
thickness direction of the laminate.]  

 
The piezomagnetic constitutive equations for the (33) longitudinal mode are 

  )2(;3333,3333,333333 aHTdBHdTsS T
mmmm

H
m µ+=+=

where B3 is the magnetization along the length direction,  is the permeability under constant stress,  is the elastic 

compliance of the magnetostrictive material under constant H, is the longitudinal magnetostrictive constant, and and 

 are the stress and strain in the longitudinal direction of the magnetostrictive layers imposed by on the piezoelectric layer.  

T
33µ Hs33

md ,33 mT3

mS3

When H
v

 is applied parallel to the thickness of the laminate, a transverse (31) strain is excited. The piezomagnetic 
constitutive equations for the (31) transverse mode are 

)2(;3331,3133,311111 bHTdBHdTsS T
mmmm

H
m µ+=+=  

where is the transverse magnetostrictive constant. md ,31

These constitutive equations are linear relationships, which do not account for loss components. Significant nonlinearities 
in both piezoelectric and magnetostrictive materials are known to exist, in addition to losses. Our approach will treat the 
individual layers of the laminate using the above given harmonic approximation. 
 
B.  Equation of Motion 

Assuming harmonic motion, along a given direction z, it will be supposed that three small mass units (∆m1, ∆m2 and ∆m3) 
in the laminate have the same displacement u(z) vector given as 

 
z
uSSorzuuu impimp ∂
∂

==== 11 ),(  ;                                      (3) 

where i=1 results in the T-T mode ME effect when H
v

is applied in the thickness direction, and  where i=3 results in the L-T 
mode one when H

v
is applied in the length direction. This follows from Figure 2, by assuming that the layers in the laminate 

act only in a coupled manner. Following Newton’s Second Law, we then have 

 ( 2112

2

321 2)()( ATAT
t
ummm imp ∆+∆= )

∂
∂

∆+∆+∆                           (4) 

where zAmm p ∆=∆=∆ 131 ρ , zAm m ∆=∆ 22 ρ , and pρ  and mρ  are the mass densities of the piezoelectric and 
magnetostrictive layers respectively.  
 

 For a given laminate width wlam and thickness tlam, the total cross-sectional area of the laminate is the sum of the layer 
areas Alam=Ap+Am+Am=tlamwlam, and the total thickness is the sum of the layer thicknesses tlam=tp+2tm. The equation of motion 
can then be rewritten as 

   )10()1( ,1,
2

2

<<
∂

∂
−+

∂
∂

=
∂
∂ n

z
T

n
z

T
n

t
u pmiρ  ;                               (5) 

where n=A2/A=tm/tlam is a geometric factor, and 
( )

A
AA mp 21 2ρρ

ρ
+

=  is the average mass density of the laminate. 

Substituting equation 1, the stress T from equation 2 and the definition of strain S into equation 5, the equation of motion can 

be linked to the mean sound velocity υ  of the laminate as  

                           2

2
2

2

2

z
u

t
u

∂
∂

=
∂
∂ υ                                                              (6) 
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ρ
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For terfenol-D, >> , thus it is essential to differentiate the longitudinal and transverse cases. When Hs11
Hs33 H

v
 is applied 

perpendicular or parallel to z, the transverse (T-T mode) and longitudinal (L-T mode) mean sound velocities υ  are 
respectively given as 

  ρυ /)1(
1111

2

EHTT
s

n
s
n −
+=−    and    ρυ /)1(

1133

2

EHTL
s

n
s
n −
+=− .          (8) 

Under harmonic oscillation, equation 6 then simplifies to 

   2

2
22

2

2

,0
υ

ω
==+

∂
∂ kuk

z
u

;                                                        (9) 

where the wave number k equals 
TL−υ

ω
 and 

TT −υ
ω

 for the L-T and T-T modes respectively, and  ω is the angular frequency.  

 
C.   Magneto-(elasto)-electric equivalent circuit 

By combining piezoelectric and piezomagnetic constitutive equations, solutions to the equation of motion can be derived 
for the L-T and T-T magneto-electric modes, given as 

  3212111 )( HVuuZuZF mp ϕϕ ++−+= &&&                                      (10a) 

  3212212 )( HVuuZuZF mp ϕϕ ++−+−= &&&                                   (10b)  

  )(Cj  I 120p uuV p && −+= ϕω ;                                                       (10c) 

where F1 and F2, and and are the forces and the displacement speeds at the two end surfaces of the laminate, 
respectively; V and I

1u& 2u&
p are induced voltage and current from the piezoelectric layer due to ME coupling, respectively; Z1 and Z2 

are the mechanical characteristic impedances of the composite; C0 is static (clamped) capacitance of the piezoelectric plate; 
and φp and φm are the elasto-electric (electromechanical) and magnetoelastic coupling factors.  
 

A combined magneto-(elasto)-electric (or ME) equivalent circuit for both L-T and T-T modes can now be developed, as 
given in Figure 2a. In this diagram, the forces F1 and F2 at the boundaries z =0 and z =l act as a “mechanical voltage”, and 

and act as a “mechanical current”. Without an external magnetic field H, the exerted force F1 and F2, which act as 
“mechanical voltage” and excite “mechanical current”, can induce an electric voltage and current on the piezoelectric plate 
via piezoelectric effect with coupling factor φ

1u& 2u&

p. Without external forces F1 and F2, an applied magnetic field H, which also 
acts as a “mechanical voltage”, can induce a “mechanical current” via the magneto-elastic effect with a coupling factor φm. In 
turn, this results in an electrical voltage V across the piezoelectric layer, due to electromechanical coupling. A transformer 
with a turn-ratio of φp can be used to represent the electromechanical coupling in the circuit. The current Ip produced across 
the piezoelectric layer is then coupled to the “mechanical current” ( and ), as given in equation 9. 1u& 2u&
 

 
(a) Magneto-elastic-electric bi-effect equivalent circuit  

 

 
 

 
(b) Simplified equivalent circuit under free-free boundary 
condition 

Figure 2. Magneto-elastic-electric bi-effect equivalent circuit for the magnetostrictive/ piezoelectric laminate. In Fig.3b, 
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The parameters from the motion/constitutive equations have equivalent electrical analogues, given as  

  ,,
sin

,
2

,3
221 H
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m s

d
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t
lwC 33
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p s

wd

11

,31=ϕ ;  (i = 1 or 3)  (11) 

wher this case, the input 

d output channels are shorted to ground, and Z2+Z1/

e i=1 for the T-T mode, and i=3 for the L-T mode. Under free-free boundary conditions, F1=F2=0. In 

= ⎟
⎠
⎞

⎜
⎝
⎛−

2
tan

2
1 klAc e circuit in Fig  is than /Z1 j υρ . Th ure 2a en simplified 

IV. Analysis of Magneto-Electric (ME) Coefficients 
 

The ME coefficient is a measure of a voltage induced by an applied 

to that shown in Figure 2b.  
 
 
 

H
v

. There are two methods to express the ME 

coefficient. These are an induced voltage per unit H
v

⎟
⎠
⎞

⎜
⎝
⎛ Vor

δ
δ

, or an induced electric field per unit 
H

H
v

 ⎟
⎠
⎞

⎜
⎝
⎛

H
Eor

δ
δ

. A 

num t ber of previous investigations have reported the magneto-electric effec in term of the ME field coefficient or
H
E

δ
δ

; 

however, the figure of merit of a magnetic field se will be related tnsor o
H
V
δ
δ

. To avoid confusion, we will consistently use 

 

siti

these two definitions given above as the representations of ME coefficients. 

A high ME coefficient means that the laminate has a high voltage sen vity to a small H
v

. In evaluations of 
H
V
δ
δ

 to be 

presented in the following sections, various materials parameters for both terfenol-D and PZT will be required. Table I 
presents mary of some of the parameters needed in the analysis. 
 
A.   

etically induced voltage’ φmH3 is 

 a sum

Magnetic-electric voltage coefficients 
We can derive the ME voltage coefficients from the equivalent circuit in Figure 2b. Under open-circuit conditions, the 

current Ip from the piezoelectric layer is zero. Thus, the capacitive load Co can be moved to the main circuit loop. Applying 
hm’s law to the circuit, the ratio of the output voltage VO 0 to the ‘magn

 

0

2

Cjω

ϕ

For ω<<2πfr = 2

2
0

3

0

Z

Cj
H

V
p

p

m ϕ
ω

ϕ
+

= .                   (12a) 

π l2 uency e e alue of tan(kl/
res

/υ (where fr is the resonance freq  of th laminat ), the v 2) in the characteristic 
impedance Z is ~kl/2. As a ult, the ME voltage coefficient can be approximated as 

  
22

03 plACdH ϕυρ +
where the expressions for φ

2
mp ldV ϕϕ

= ;                                      (12b) 

l magnetic field excitation, |V0/H3| in 
equation (12a) can be replaced by |dV/dH3|]. The ME voltage coefficient is dependent upon the magneto-elastic coupling 
factor φm of the t nd on the square of the e φp of the PZT layer. Clearly, 
high magnetoelastic coupling and high electromechanical coupling are important contributing factors to the design of a high 

m and φp are given in equation (11). [Note, under smal

erfenol-D layers, a lectromechanical coupling factor 

ME voltage coefficient. The ME voltage coefficients in both the L-T and T-T modes have the same general form as given in 
equation (12); however, the values of φm and υ  are different for the L-T and T-T modes.  
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(1) Magneto-electric voltage coefficient in the L-T mode 
Under a small ac magnetic field Hac ap lied along the longitudinal axis of the lamp inate, the L-T mode ME voltage 

coefficient is 

])1()1([ 33
2

,311111333
H

p
EET snknssdH −+−

=
ε

 .                 (13) 
)1( AnndV −

 
2

,31,33

)(

pmlam

TL

dd

−

This is the first q ntitative formula for the ME voltage (or field) coefficient. ua The value of 
)(3 TL

dH
dV

−

 is proportional to the 

square of the transverse piezoelectric constants d31,p and to the longitudinal piezomagnetic constant d33,m.   

h

 

Larger cross-sectional areas Alam result in igher values of 
)(3 TL

dH
. This has importanc to t

dV

−

e he design of ME 

laminates.  
In a  of
piezomagnetism layer), there will not be a magneto-elastic coupling, thus the ME voltage coefficient is zero; when n =1 

ere will not be an electro-mechanical coupling, thus, the ME voltage coefficient is still zero. 

ddition, the ME voltage coefficient is strongly related to thickness ratio  the terfenol-D layers, n. When n = 0 (without 

(without piezoelectric layer), th

There must be an optimum value for the geometric factor n=tm/tlam (noptim), which results in a maximum
)(3 TL

dH
dV

−

. This can 

be determined from 0/)( =dn
dH
dVd  to be 

)(3 −TL

 
α

, w
+

=
1

1
optimn here H

E

pH

E

T

S

s
sk

s
s

33

112
,31

33

11

33

33 )1( −==
ε
εα .              (14) 

Equation (14) is also important to the design of laminate composites. The optimum thickness ratio of terfenol-D layers is 
related to electromechanical coupling factor k31,p  of elastic compliances magnetostrictive and 
piezoelectric layers. Figure 3(a) shows the ME voltage coefficient of the L-T mode as a function of n, which was determined 

 and the ratio and Hs33 of the Es11

using the material parameters given in table I. A maximum value for 
)(3 TL

dH
dV

−

of 4 (m e) was found for our L-T 

 

 Density 
(kg/m3) 

Elastic constants 
(×10

~5

laminate composite (see Figure 1a) of terfenol-D and PZT at n~0.64.  

Table 1 Parameters for calculations of magneto-electric coefficients 
c/magnetic 
tants 

Coupling 
factor k31 

V/O

-12) 
Piezoelectri

Cons 033 /εε T  

PZT 76

 

2000 00 ( Es11 ) ( Es33 ) (d33,p)* (d
600 

(×10-12
310 

) (×10

31,p)* 0.38 

14.8 16.7 -12) 

T-D 9230 ( ) Hs11
125 

( ) Hs33

40 

(d33,m)** 
1. -8 5. -92×10

(d31,m)** 
8×10

  

* Piezoelectric consta s will change unde stress or  applied by piezomagnetic layer 
iezo tic const s ar rela d to etic

 
(2) Magneto-elec
 

The T-T mo n (12b). Under a small Hac applied along the 
icient is 

nt r the  load
** P magne ant e te  the magn  bias. 

tric voltage coefficient in the T-T mode 

de ME voltage coefficient can also be derived from equatio
thickness of the laminate, the T-T mode ME voltage coeff
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])1()1([
)1(

2

2
,31,31

EET
pmlam ddAnndV −

=
11,31111133)(3
H

pTT
snknssdH −+−

−
ε

 .                 (15) 

The value of 
)( TTdH

dV
−

 is proportional to the square of the transverse piezoelectric constants d31,p and to the transverse 

nstant 
coefficient, and also there is an n  given as   
piezomagnetic co d31,m.  Again, the cross-sectional area Alam of the laminate has a direct effect on the ME voltage 

optim

β+
=

1
1

optimn , where H

EES ss 1121133ε
pHT s

k
s 11

,31
1133

)1( −==
ε

β .              (16) 

 
Figure 3(a) also shows the ME voltage coefficient of the T-T mode for our T-T laminate as a function of n. A maximum 

value for 
)(3 TT

dH
dV

of ~11 (mV/Oe) can be seen at n~0.76. Clearly, the L-T coefficient 
− TL

dH
dV

 is much larger than the 

T-T one. T is ~5x higher than the later. [Note, this will of course depend on magne   

 

−3

he former tic bias.] 
 

B.   Magneto-electric field coefficients 

icientWe can calculate the ME field coeff  
H
E

δ
δ

 by dividing equations (13) and (15) by the thickness of the piezoelectric 

layer tp. Note: 
n

wA lamlam

t p −
=

1
. The L-T ⎟⎟

⎠

⎞dE
⎜⎜
⎝

⎛

−TLdH
 and T-T ⎟⎟

⎠

⎞⎛ dE

 

⎜⎜
⎝ −TTdH

mode ME field coefficients are 

 

 (a) 

 

])1()1([ 33
2

,31111133

2
,31,33

)(3
H

p
EET

pmlam

TL
snknss

ddnw
dH
dE

−+−
=

−
ε

  

])1()1([ 11
2

,31111133

2
,31,31

)(3
H

p
EET

pmlam

TT
snknss

ddnw
dH
dE

−+−
=

−
ε

;(17b) 

 
 

 
(a) ME voltage coefficients of L-T and T-T laminates 

calculated using equations (13) and (15).  
 

 
(b) ME field coefficients of L-T and T-T modes 

calculated using equations (17a,b).  

eld coefficients of L-T Figure 3.  ME voltage and fi and T-T laminates.   
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Figure 3b shows 
TLdH

dE
−

 and 
TTdH

dE
−

as a function of the geometric ratio n for our terfenol-D/ PZT laminates. There 

is an important difference between the dependence of 
H
V
δ
δ

and 
H
E

δ
δ

on n. Thinner piezoelectric layers (larger n value) give 

higher values of 
H
E

δ
δ

; however, the  voltage output from the laminate is reduced more significantly. This is because tp is a 

function of n. For magnetic field sensor applications, the important parameter is
H
V
δ
δ

, because sensing is done by 

measurement of induced voltage changes.  
 
 

 
V. Experimental Verification and Discussion 

 
We designed and fabricated terfenol-D/PZT magneto-electric laminates that were long and square. We used the design in 

Figure 1a for the L-T mode, and that in Figure 1b for the T-T.  The dimensions of the terfenol-D layers were 12.0×6.0×1.0 
mm3, and that of the PZT layer (PZT-5) was 12.0×6.0 ×0.5 mm3.  

 
The induced voltage across the PZT plate was then measured as a function of Hac (a.c magnetic exciting signal) at a 

measurement frequency of 103 Hz, using a lock-in amplifier method. The induced ME voltage was a linear function of Hac for 
both the L-T and T-T modes. Under a dc magnetic bias of 500 Oe and a Hac=1 Oe applied along the length direction of the 
laminate, the induced ME voltage of the L-T laminate was 58 mVp. Correspondingly, under a Hac=1 Oe applied along the 
thickness direction of the laminate, the induced ME voltage of the T-T laminate was 9 mVp. The corresponding values of 

TL
dH
dV

−3

and 
)(3 TT

dH
dV

−

are 58 mVp/Oe and 9 mVp/Oe, respectively. These measured values coincide well with our 

analytical predictions, which were based on linear piezoelectric and magnetostrictive constitutive equations, and small 
magnetic field excitations. In addition, the measurements confirm the prediction that the L-T mode ME voltage coefficient is 
~5x that of the T-T one. 

 
Clearly, the L-T mode has higher ME coefficients than that the T-T one. In particular, under low magnetic bias, the L-T 

mode had much higher ME effects. More detailed experimental results will be reported separately.  
 

 
VI. Conclusion 

 
The magneto-electric equivalent circuit and corresponding magneto-electric coefficients have been derived for terfenol-

D/ PZT laminates. Analysis of piezoelectric and piezomagnetic constitutive equations substituted in an equation of motion 

predict: (i) a significantly higher value of the L-T mode 
H
V
δ
δ

 relative to the T-T (~5x), (ii) a thickness ratio of piezoelectric 

and magnetostrictive plates that maximizes 
H
V
δ
δ

, and (iii) that dV/dH is directly related to the piezoelectric and 

piezomagnetic constants. Experimental investigations have confirmed predicted values of the magneto-electric voltage 
coefficients for both L-T and T-T laminates. 
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